Metals are important structural materials for transport and the built environment. Low carbon steels can fail through strain localisation due to the role of interstitial solute atoms (such as carbon and nitrogen) interacting with mobile dislocations, and this gives rise to the Portevin-Le Chatelier effect and the formation of Lüders bands. In this work, we use in-situ tensile testing and observation with High Angular Resolution Electron Back Scatter Diffraction (HR-EBSD) to explore deformation patterning in two Interstitial Free (IF) steel samples. One of these steels was heat treated to trigger strain localisation and Lüders bands whilst the other was heat treated to homogenise plastic strain and limit flow localisation.
Introduction
Global annual production of steel is approximately 1600 million metric tons [1] and this material underpins modern society as a critical building material in the built environment and the underpinning structural material in cars and ships. In the automotive industry, the skin of most cars is made of sheet Interstitial Free (IF) steel as the presence of mobile interstitials presents a significant risk of flow localisation through the generation of Lüders bands. Typically, Materials Scientists and Engineers consider that these bands are formed due to the impact of mobile interstitial solute atoms such as carbon and nitrogen which pins dislocation sources and mobile dislocations [2] . Once these dislocations are freed from the carbon and nitrogen interstitial traps, they are highly mobile and the local region is softer than the remainder of the material. This amplifies the relative dislocation activity in this local region causing strain localisation which macroscopically is observed as a strain band. These bands make sheet forming extremely difficult and can create significant scrap in the automobile production process.
Understanding the flow localisation process motivates this present work.
Flow localisation at the atomic scale has been considered in simulations [3] [4] [5] [6] [7] [8] and experiments [9] [10] [11] but it is difficult to link these processes together to understand how flow localisation, load drops and Lüders bands relate from atomic scale mechanisms up towards polycrystals. There must be a link between the motion and storage of dislocations (at the nm to µm length scale) and their interactions with microstructure, namely grain boundaries and triple junctions that determines how these materials deform. We have opted to explore this interlink through employment of in-situ tensile testing and repeated measurements, under load, of the stored dislocation content using High Angular Resolution Electron Backscatter Diffraction (HR-EBSD).
HR-EBSD [12, 13] has been used to quantify the micron-scale deformation patterns of metals [14] [15] [16] [17] [18] [19] [20] , semiconductor [21] [22] [23] [24] and geological materials [25, 26] . One notable advantage of this technique is its ability to combine a spatial resolution of better than 0.1 μm with strain and rotation gradients resolutions of 10 -4 and 10 -4 rads respectively [27] . This allows resolution of features with high spatial, strain and angular resolution over a large field of view and in a reasonable time frame, thanks to other advancements such as fast and high resolution EBSD cameras.
Cross-correlation of Electron Backscatter Diffraction Patterns (EBSPs) enables measurements in changes of the displacement gradient between points in a map. These fields can be spatially differentiated and used to calculate maps of Geometrically Necessary Dislocation (GND) density [16, [18] [19] [20] 26, [28] [29] [30] , and these GND density fields can also be calculated from Hough-based EBSD [31] .
Studying the development of a GND density field offers insight into how the microstructure is deforming as a function of applied strain, texture, grain morphology and networked microstructure. For example, Jiang et al. [19] studied the effect of step size and EBSD camera binning on the resultant GND density field characteristics. They found that binning the detector to 4 x 4 (250 x 250 pixels in their case) and a step-size of 0.5 μm resulted in an acceptable angular resolution from the cross-correlation of the EBSPs of copper to systematically evaluate the GND density. In practice, GND density field calculations will always be a compromise between experiment parameters such as the approximate dislocation cell size [32] , map step-size, required map size and instrument time, as changing the step-size alters the size of the measured Burgers circuit resulting in a decrease in the measured GND density [19] .
Advancement in in-situ mechanical testing combined with HR-EBSD has enabled measurement of the elastic strain gradient in micron-scale silicon tensile specimens [33] , as well as the GND density in a loaded tungsten cantilever beam [34] . In-situ deformation has notable advantages over ex-situ techniques such as: (1) the requirement that the sample does not need to be moved or fully unloaded to take an EBSD scan; (2) ease of accessing the same Area of Interest (AOI) leading to an efficient tracking capability of the same area with increasing strain.
IF steel [35] [36] [37] is a low strength, high ductility steel that consists of a ferrite matrix with titanium or niobium carbides in the microstructure. When recrystallizing from a rolled plate at approximately 750⁰C -900⁰C, the rolled {111}||ND and {110}||RD/TD (commonly referred to as the γ and α fibres) are retained [38] . The processing and heat-treatments can redistribute solute elements such as carbon and nitrogen in IF steel in order to adjust the initial mobile dislocation content [35, [39] [40] [41] . This can result in sufficient dislocation immobility, which usually manifests as a discontinuous yield when the steel is plastically deformed [2] .
The objectives of this work are to therefore: (1) demonstrate the value of combined HR-EBSD with in-situ tensile testing to measure GND density fields on the same AOI; (2) understand the deformation response of two samples of IF steel manufactured from the same rolled plate and subjected to two different heat-treatments; (3) correlate these in-situ observations with the macroscopic ex-situ deformation response.
2 Method Table 1 shows the composition of the as-received IF steel used in this study. Table 1 -Composition of IF steel used in this study in wt%. The carbon and sulphur contents were determined using a combustion infrared detection technique. The nitrogen content was determined using the inert gas fusion technique. All other elements were determined using the inductively coupled plasma optical emission spectroscopy technique. Four samples of as-received IF steel were split into two groups. One group was heat-treated for 4 hours at 700°C followed by 1 hour at 900°C and air cooled. The second group was heat-treated using the same steps except a 24 hour, 900°C soak time as shown in Figure 1 (a). The longer soak time would result in a change in the distribution of the solute elements in each microstructure [35] .
A Gatan MTest 2000E tensile tester was used to deform the samples. The contrast for DIC was generated on the gauges of the samples by grinding them to a 4000 grit finish, spraying them with white paint and depositing photocopying carbon toner [42] . An in-house cross-correlation-based DIC code was used that resulted in a strain component field spatial resolution of approximately 30 μm.
Separate samples from both heat-treatments were subsequently deformed in-situ using the tensile frame but now within a FEI Quanta 650g FEG-SEM. The samples were ground to a 4000-grit finish and Ar ionbeam polished using a Gatan PECS II. The final step in the ion beam polishing protocol was a beam angle of 1⁰ relative to the sample surface at 1 kV. Micro indents were used to define an AOI of approximately 500 μm x 300 μm in the centre of the tensile specimen gauges. As-received texture and grain morphology maps were taken using Hough-based EBSD with a step size of 1 μm, presented in 
-(a) Plot of temperature Vs time for both heat-treatments used in this study and (b) & (c) crystal orientation maps w.r.t. the x (tensile) axis of the defined AOI on the gauges of the samples subjected to heat-treatment 1 & 2 respectively prior to any deformation; (d) & (e) corresponding pole figures comparing the initial microstructures & deformation response of the samples subjected to heat-treatments 1 & 2. [For interpretation of the colour figures, please see the online version]
The samples were then deformed to strains of 0.002, 0.02 and 0.04. At each strain, the sample was unloaded to 75% of the applied stress value to arrest significant creep effects and a further HR-EBSD scan was taken using the same parameters as the 0 strain case. The GND density fields were then calculated using an in-house EBSP cross-correlation code using the method described in [45] that utilises the Nye tensor [46] , an L1 minimisation scheme [29] and the {110}<111> slip system in ferrite.
After deformation, EBSD mapping was performed (to check the AOI) and an Energy Dispersive X-Ray Spectroscopy (EDS) map (400 µm x 300 µm) was simultaneously captured for qualitative EDS-based distinction of the Ti-based precipitate distributions. EDS was performed at 20 kV using a Bruker XFlash 6 detector and the Ti peak was extracted to produce the maps in Figure To understand the macro-scale response of the samples, reference samples subjected to both heattreatments were deformed ex-situ at a displacement rate of 0.033 mm/s to a strain of approximately 0.05 (total) normal mean strain parallel to the tensile field, as measured by optical Digital Image Correlation (DIC). The results for this are shown in Figure 2 .
Figure 2 -Ex-situ engineering stress (σ) vs the mean of the strain field parallel to the x-axis (|εxx|) comparing the macro-scale deformation response of the samples subjected to both heat-treatments with corresponding example strain fields evaluated from DIC at approximately 0.002 mean strain, as shown by the black dashed line on (a). The white scale-bar is 0.5 mm in length. [For interpretation of the colour figures, please see the online version]
The stress-drops observed in the sample subjected to heat-treatment 1 suggest there is a significant change in the macroscopic response associated with the heat treatments. Load-drops and associated propagation of a Lüders band within the DIC map [47] are shown with the white dashed line and arrow for the sample subjected to heat-treatment 1. Conversely, heat-treatment 2 does not show a clear Lüders band at yield, although there are regions of slightly higher strain at the top left and bottom right corners (shown with white dashed boxes) suggesting that yielding initiated around these regions.
Next, we use the in-situ measurements to see if this correlates with a different mechanism at the micrometre-scale. The origins of the different yielding behaviour are mostly likely due to different solute distributions and these are associated with the Ti-based precipitate distributions structures arising from the two heat-treatments. The spatial distribution of the Ti-based precipitates, measured with EDS mapping, along with the raw load-elongation curves from the in-situ tensile testing are shown in Figure 3 .
Figure 3 -(a) Raw load -elongation curves from the in-situ tests showing the effect of interrupting the test for the four HR-EBSD scans (positions marked with a cross) on the reloading yield (highlighted with dashed boxes); (b) qualitative EDS maps showing the effect of each heat-treatment on the resultant Ti-based precipitate distributions. The white scale-bar is 100 µm in length. [For interpretation of the colour figures, please see the online version]
Firstly, the raw load-elongation curves show a stress-drop after reloading after each HR-EBSD scan in both samples. The magnitude of the stress-drop increases with increasing elongation, i.e. increasing dislocation content for both samples. In these load-hold periods, required for mapping, solute atoms can diffuse and immobilise dislocation structures [48] . Note that the duration of each HR-EBSD scan is approximately 2.5 hours and both in-situ tests were conducted at room temperature, implying the solute had sufficient time to diffuse to and pin dislocation structures. Secondly, significant coarsening due to
Ostwald-based ripening [35] of the Ti-based precipitates has occurred during the longer soaking time of the sample subjected to heat-treatment 2 (i.e. initially yielded continuously) as shown in Figure 2 (b).
Therefore, it is likely that solute redistribution occurred: the longer 900°C soak time for the sample that exhibited a continuous yield suggests that more carbon is locked in Ti-based precipitates in the microstructure. As such, the carbon is not dissolved in the matrix and therefore unable to pin mobile dislocations.
The in-situ HR-EBSD data is presented in Figure 4 as GND density fields along with a plot of the geometric mean and standard deviation of the GND density with strain.
Figure 4 -Geometrically Necessary Dislocation (GND) density maps as a function of applied mean tensile strain for both samples subjected to heat-treatments 1 & 2 and corresponding plots showing the change in the mean and standard deviation as a function of applied mean tensile strain. The white scale-bar is 50 µm in length. [For interpretation of the colour figures, please see the online version]
The means and standard deviations of the GND density fields of both samples are seen to increase with strain. The means of the GND density field for heat-treatment 1 are consistently greater for all values of strain compared with heat-treatment 2. Conversely, the standard deviations for heat-treatment 2 are consistently greater for all values of strain compared with heat-treatment 1.
In both samples, the GND density distribution is uniformly low due to recrystallisation. Note however, the GND density field for the first sample subjected to heat-treatment 1 has a slightly higher geometric mean. This is either due to the differences in the recrystallization behaviour between each sample or subtle differences in the final surface finish because of the final ion beam polishing step.
At 0.002 strain (i.e. under macroscopic elastic loading conditions), the sample subjected to heattreatment 1 retains the flat GND density field observed in the 0 strain case. Conversely, there is significant GND density development for the sample subjected to heat-treatment 2. This correlates well with the observations made with the macro-scale DIC tests for the sample subjected to heat-treatment 2; the strain fields are heterogeneous and develop continuously around the yield-point. However, the observed flat-field of the sample subjected to heat-treatment 1 suggests that the sample was still preyield or that the Lüders bands observed in the macro-scale tensile tests had not travelled through the AOI yet.
At 0.02 strain the GND density fields develop significantly for both heat-treatments. There are certain GND density field developments at certain grain boundaries and significant GND density development around triple junctions and at regions with high triple junction density. This is indicative of the neighbourhood effect of the microstructure as noted in [49, 50] (i.e. the local locking effect of a triple junction that causes significant GND density development around them). The GND density fields are more sensitive to the effect of local grain neighbourhood as noted by Allain-Bonasso et al. [37] compared with parameters such as grain size.
At 0.04 strain, the GND density fields develop only in magnitude, the distribution within the field shape does not change dramatically. This is indicative of a simple post-yield strain ageing effect observed in macro-scale tensile tests. Note however, the sample subjected to heat-treatment 2 has a significant loss in GND density data in the 0.04 strain case at the top left-hand corner. This is due to local grain rotations that resulted in the grain boundary falling below the grain boundary misorientation threshold of 5⁰ defined in the cross-correlation code and was therefore not defined as a grain boundary. As such, the reference pattern for the cross-correlation changed to one that had a rotation gradient (>~7⁰) [45] between the test patterns in that area. As such, the GND density data in this area contained a mean angular error and cross-correlation peak-height that were both below the required quality threshold defined [51] .
The geometric means as a function of strain are significantly lower for the sample subjected to heattreatment 2 compared with those of heat-treatment 1 for every value of strain. This is indicative of more homogeneity in the GND density fields for the sample subjected to heat-treatment 2, which is reflected with the continuous yield observed in the ex-situ tests. It is likely that this effect due to: (1) the lack of pinning solutes in the ferrite matrix that were removed during heat-treatment 2; (2) the larger mean grain size resulting in a longer mean free path for which a pile-up of dislocations can operate along [20] .
One significant advantage of in-situ work is to correlate the development of the GND density field within individual grains with the local microstructure. Figure 5 shows example grains selected from the GND density maps presented in Figure 4 . For the grain selected from heat-treatment 1, we see significant heterogeneity develop in the GND density field between 0.002 and 0.02 strain. Specifically, the GND density structures are at their highest magnitude at triple junctions (and along certain grain boundaries). This suggests that compatibility at triple junctions can drive increases in local GND density, and these features extend as linear bands from the triple junctions. This agrees with the findings of Jiang et al. [19] but in our case the linear extent of these fields suggests proximity to the triple junctions should be combined with a direction.
Furthermore, the GND density fields of both grains correlate with the {110} slip planes as shown in the purple plane traces in each orientation cube. However, the GND density fields represent the dislocation content that gives rise to a local strain and rotation gradients, and not necessarily the glissile dislocations that accommodate significant plastic strain. As the grain extracted from the heat-treatment 2 data-set shows, a homogeneous flow hardening is accommodated by the development of an FCC-like cell structure from 0.002 strain onwards.
To summarise:
1. We performed in-situ tests combined with HR-EBSD to calculate the GND density field on the same AOI of tensile coupons of two samples of IF steel. The samples had similar grain morphology, texture and from the same rolled sheet. The grain size and perceived concentration of pinning solutes were different. 
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